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Abstract: Patterns in foliar nitrogen (N) stable isotope ratios (δ15N) have been shown to reveal trends
in terrestrial N cycles, including the identification of ecosystems where N deficiencies limit forest
ecosystem productivity. However, there is a gap in our understanding of within-species variation
and species-level response to environmental gradients or forest management. Our objective is to
examine the relationship between site index, foliar %N, foliar δ15N and spectral reflectance for
managed Douglas-fir (Pseudotsuga menziesii) and loblolly pine (Pinus taeda) plantations across their
geographic ranges in the Pacific Northwest and the southeastern United States, respectively. Foliage
was measured at 28 sites for reflectance using a handheld spectroradiometer, and further analyzed
for δ15N and N concentration. Unlike the prior work for grasslands and shrubland species, our
results show that foliar δ15N and foliar %N are not well correlated for these tree species. However,
multiple linear regression models suggest a strong predictive ability of spectroscopy data to quantify
foliar δ15N, with some models explaining more than 65% of the variance in the δ15N. Additionally,
moderate to strong explanations of variance were found between site index and foliar δ15N (R2 = 0.49)
and reflectance and site index (R2 = 0.84) in the Douglas-fir data set. The development of relationships
between foliar spectral reflectance, δ15N and measures of site productivity provides the first step
toward mapping canopy δ15N for these managed forests with remote sensing.

Keywords: productivity; loblolly pine; Douglas-fir; spectral reflectance; spectroscopy; hyperspectral

1. Introduction

To meet demands for food, fuel and fiber, the addition of nitrogenous fertilizer is
a common practice in agriculture and forestry, as N often limits productivity in these
systems [1]. Increased production of reactive N has resulted in enhanced deposition of N
across the landscape, nearly doubling the rate of N input into terrestrial ecosystems [2,3].
Thus, there is an increased risk for adverse environmental impacts such as the acidification
of aquatic ecosystems and soils, loss of soil nutrients and accelerated biodiversity losses
of both flora and fauna [3]. Further, the relationship between N and soil base cations is
complex, and not fully understood. Work in Douglas-fir (Pseudotsuga menziesii) illustrated
a coupling between N and calcium in the soil, where increases in N caused a depletion
and deficiency of soil calcium [4]. There is a need to better understand ecosystem-level N
dynamics, particularly with respect to the capacity of terrestrial forest ecosystems to retain
increasing N.

Patterns in natural abundance N stable isotope ratios (δ15N) have been shown to
integrate terrestrial N cycling dynamics and can be used to monitor ecosystems where N
limits ecosystem production (e.g., loblolly pine and Douglas-fir forests) or identify those that
are susceptible to N losses. This is due to the isotopic discrimination, or fractionation, that
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occurs throughout the N cycle as various processes, such as mineralization and nitrification,
which creates products that are depleted and substrates that are enriched in 15N [5]. With
high net soil nitrification rates and substantial loss of nitrate from the system, soil and foliar
δ15N are gradually elevated due to the loss of the depleted products from the system [6–9].
For example, Högberg [10] and Högberg and Johannisson [11] found that Scots pine
(Pinus sylvestris L.) foliage showed an increase in δ15N when large amounts of added N
were lost from the system. The ability to predict foliar δ15N across large spatial and
temporal scales would provide a framework to rapidly assess ecosystem N status and
susceptibility to N losses. Establishing a relationship between leaf-level reflectance and
foliar δ15N is the first step to developing a framework that would provide an efficient and
non-destructive method of mapping foliar δ15N.

Spectroscopy data has been used for over 30 years to study vegetation spectral sig-
natures at the leaf-level [12–17]. The narrow bandwidth of the data facilitates the study
of cell structure, water content and foliar biochemistry by observing slight variations in
reflectance at specified wavelengths. Of particular interest in forest ecosystems is the use
of reflectance data to quantify foliar N concentrations (%N). In fresh vegetation, the close
correlation between N and chlorophyll has led to the use of wavelengths in the visible
and red-edge regions of the electromagnetic spectrum to develop regression equations for
predicting N concentrations in foliage [18]. Wavelengths in the near-infrared, associated
with N absorption features due to the vibration of N-hydrogen bonds in proteins [19], have
also been utilized in the prediction of N concentration from leaf-level reflectance [18,20,21].

With the relationship between reflectance and %N well-established at the leaf-level,
researchers have successfully scaled observations to the canopy, stand and regional levels
using image-level reflectance data obtained from airborne and satellite platforms [22–25],
and top-of-canopy reflectance simulated from radiative transfer models [26]. However,
recent research [27–29] has demonstrated a decoupling of the relationship between re-
flectance and %N at the canopy scale due to the influence of canopy structure, which is
likely impeding the successful prediction of canopy %N from imaging spectroscopy data.

Several authors have also demonstrated relationships between spectral reflectance and
foliar δ15N for grasslands, fields, and shrub species. Wang et al. [30] and Wang et al. [31]
demonstrated the ability of foliar spectral reflectance to predict δ15N of fresh vegeta-
tion in specific wavelength ranges (i.e., 481–523 nm, 617–703nm, 1098–1319 nm, and
1480–1522 nm), at leaf and canopy scales in grasslands and successional fields. Elmore and
Craine [32] also investigated the feasibility of predicting δ15N with hyperspectral data in
managed pastures and hay lands, focusing on the use of known absorption features of N
and lignin in near-infrared wavelengths. Kleinebecker et al. [33] successfully demonstrated
the prediction of foliar δ15N using dried and ground plant tissues of a variety of species
found in bog complexes of the Chilean Patagonia using near-infrared spectrometry. Hell-
man et al. [34] used partial least squares regression to develop predictive models of foliar
δ15N for shrub species, and also assesses the relationship between foliar δ15N and examine
the relationship between foliar %N and foliar δ15N. If foliar %N and δ15N are strongly
correlated, as suggested by Hellman et al. [34], Wang et al. [31], and Hobbie et al. [35] then
the previous work done to predict %N at the canopy and stand level could be built upon
by simply utilizing the relationship between %N and δ15N. However, if there is evidence
of a decoupling between %N and δ15N, the relationship between reflectance and δ15N
must first be established at the leaf-level before it can be successfully scaled to coarser
spatial resolutions.

Although the above-mentioned efforts do suggest that spectral reflectance can be used
to predict foliar δ15N, this has not been well demonstrated for tree species and forested
ecosystems. One exception to this is the work of Serbin et al. [36] who predict foliar isotopic
nitrogen for several temperate and boreal tree species (R2 = 0.62 for these species). This
was done using partial least squares regression, in the spectral region from 1200–2400 nm.
Their work demonstrates the potential for spectroscopy to predict isotopic nitrogen for
trees across species, but was not designed to examine variations within a species. We begin
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to address this gap in the literature by exploring the relationship between foliar %N, foliar
δ15N, and spectral reflectance for Douglas-fir (Pseudotsuga menziesii) and loblolly pine
(Pinus taeda) canopies throughout their geographic ranges in the Pacific Northwest and
southeastern United States, respectively. Douglas-fir and loblolly pine have a dominant
presence on the landscape, representing nearly half of the standing softwood volume
and nearly 20% of the forest cover in the United States [37]. With the establishment of
the relationship between reflectance and δ15N, these relatively homogeneous systems
should facilitate future efforts to scale from leaf to canopy level observations, as the impact
of overstory species diversity on reflectance and δ15N should be minimal. In addition
to developing models to predict δ15N from leaf-level reflectance, this research explores
the relationship between δ15N and site productivity as well as the relationship between
reflectance and site productivity.

2. Materials and Methods
2.1. Study Sites

This research leveraged existing regional trials of the National Science Foundation
Center for Advanced Forestry Systems (NSF CAFS) with study sites located within the
species’ ranges of Douglas-fir and loblolly pine in the Pacific Northwest and southeastern
United States, respectively (Figure 1). Ten sites were located in Washington and Oregon
for Douglas-fir (Figure 1A), and 18 sites located in loblolly pine plantations across eleven
different states, ranging north to south from Virginia to Florida and east to west from
Oklahoma to the coast of North Carolina (Figure 1B). The intent of the NSF CAFS research
trials is to examine the ecosystem fate and uptake efficiency of added N in mid-rotation
plantations. At each site 100 m2 plots were established. Plantation age varied from 6 to
21 years and density ranged from 2 to 25 trees per plot in loblolly pine. Throughout the
Douglas-fir study sites, planation age ranged from 13 to 19 years with number of trees per
plot ranging from 7 to 13.
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Northwest region of the United States; (B) loblolly pine sites of the southeastern United States.

2.2. Field Data Collection

Fieldwork was conducted throughout the growing season of 2012. Douglas-fir study
sites were visited in March and loblolly pine study sites were visited in July through early
September. Foliage was collected from one tree of the control plot at each study site to
measure natural abundance δ15N and reflectance. Tree branches were collected from the
upper one-third of the canopy using a shotgun or pole pruner. Following the approach of
Wang et al. [30], foliage was sampled for reflectance using an ASD FieldSpec3 handheld
spectroradiometer (ASD Inc., Boulder, CO, USA) equipped with a plant probe containing
its own halogen light source and a leaf clip attachment. The FieldSpec3 has a spectral range
of 350 to 2500 nm with sampling intervals of 1.4 nm from 350 to 1000 nm and 2 nm from



Forests 2022, 13, 1694 4 of 15

1000 to 2500 nm. The system was operated by the RS3 Version 6.0 software package ASD
Inc., Boulder, CO, USA). Reflectance was measured as the ratio of the energy reflected from
the sample to the energy reflected off a white reference standard of known reflectance (i.e.,
a Spectralon panel; Labsphere, Inc., North Sutton, NH). Within the RS3 software interface,
dark current and white reference readings were taken after each sample, or as needed, to
recalibrate the FieldSpec3 and ensure quality reflectance data collection. To minimize noise,
an average of 10 spectral signatures were collected per foliage sample. The samples were
viewed and averaged within the ViewSpec Pro software (ASD Inc., Boulder, CO, USA) and
exported as text files for subsequent statistical analysis.

Each foliage sample of Douglas-fir consisted of 12 needles aligned to minimize overlap
and maximize field of view coverage. At each Douglas-fir site the spectral signature of
10 separate foliage samples was measured. Loblolly pine foliage samples consisted of 6 to
10 fascicles of needles and varied due to the number needed to cover the entire field of
view of the plant probe. Needles were sampled near their center to avoid inclusion of the
fascicle sheath. Loblolly pine was sampled during the height of the growing season when
foliage from the previous year (2011) and current year (2012) was present. Samples were
separated in the field by flush and only foliage from 2011 or, when unavailable, the first
flush from 2012 was used in subsequent analysis. The number of foliage samples collected
at each loblolly pine site varied due to the amount of foliage available from the desired
year and flush.

Though all practical measures were taken to ensure maximum field of view coverage
this was not always achieved due to needle length and shape (i.e., the short needle length
of Douglas-fir foliage). Therefore, the black background of the leaf clip attachment was
used when measuring reflectance of all foliage samples. After the spectral signatures were
recorded, each sample was placed in a marked coin envelope and transported to Virginia
Tech for δ15N and %N analysis.

Site index is a common measure of site productivity that describes the height of canopy
dominant or co-dominant trees at a given base age. It was calculated by relating inventory
data (i.e., age, height) with published curves [38,39] that relate current age and height to
estimate canopy height at the designated base age. As is common, a base age of 50 was
used for Douglas fir [38] and 25 for loblolly pine [39].

2.3. Laboratory Analysis for Foliar %N and δ15N

Foliar samples were dried at 65 ◦C for a minimum of three days then ground in a ball
mill to ensure sample homogeneity. A weighed subsample of foliar material was analyzed
for δ15N and %N using an IsoPrime 100 continuous-flow isotope ratio mass spectrometer
coupled with an elemental analyzer (EA-IRMS; IsoPrime Ltd., Cheadle Hulme, UK). %N is
reported as the mass of N relative to the mass of the subsample (×100). δ15N is reported
relative to the accepted standard of atmospheric N in parts per thousand (%) deviation
from the standard using the following equation [40]:

δ15N (‰) =

(
R sample

R standard
− 1

)
× 1000, where R =

15N
14N

. (1)

Foliar δ15N and %N values were then averaged by site.

2.4. Foliar Spectral Reflectance Data

A second order Savitzky-Golay smoothing filter with a window of five bands was
applied to further reduce noise in the signature [41]. Various transformations including first
and second derivatives, log 1/reflectance and the first derivative of log 1/reflectance were
also calculated. These various transformations highlight features of the vegetation spectral
signature that may not be apparent in the original reflectance curve. In particular the log
transformation of reflectance (log 1/R), also referred to as pseudoabsorbance, simulates an
absorption curve, creating peaks at the absorbing wavelengths [42]. The first derivative
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has also been utilized to identify features of the reflectance curve such as the location of
the red-edge inflection point and the magnitude of reflectance at that wavelength [12,43].
Signatures were averaged by study site resulting in 10 signatures for Douglas-fir and
18 signatures for loblolly pine.

Correlation curves were created by calculating the Pearson correlation coefficient for
δ15N and each wavelength of reflectance and its various transformations. The correlation
curves were used to assist with feature selection for subsequent multiple linear regres-
sion models. Given that our understanding of the relationship between reflectance and
foliar δ15N in natural ecosystems is in its infancy, we identified wavelength regions with
significant correlations with δ15N (i.e., 3 or more channels), as well as regions known to
be well correlated with N. Areas of the electromagnetic spectrum that may be affected by
atmospheric water vapor (i.e., ~940, ~1140, 1350–1470, 1800–2000 nm) were excluded from
selection as they may compromise the use of resulting models in future remote sensing
applications. More than thirty vegetation indices related to various properties of vegetation,
such as biochemicals, structure, and physiology, were calculated and included in the best
subsets regression (Table 1). Also included were wavelengths previously identified for the
prediction of foliar δ15N [30] and %N [37], as were the lignin and N absorption features
explored by Elmore and Craine [32] (Table 1).

Table 1. Vegetation indices and wavelengths of interest included in a best subsets approach to
building multiple linear regression models for the prediction of natural abundance foliar δ15N from
hyperspectral data in Douglas-fir and loblolly pine. R = reflectance, FDR = 1st derivative of R, L = log
of 1/R, FDL = 1st derivative of the log of 1/R.

Index or λ Equation (nm) Reference

ACI Rgreen/RNIR [44]
ARI (1/R550) − (1/R700) [45]

CARI [(R700 − R670) − 0.2 ∗ (R700 − R550)] [46]
CIred edge RNIR/Rred edge − 1 [47]

CRI 1 (1/R510) − (1/R550) [48]
CRI 2 (1/R510) − (1/R700) [48]
DCI FDR705/FDR722 [49]

DmaxRE FDRmax(680–750) [50]
DmaxRE/D703 FDRmax(680–750)/D(703) [50]

EVI 2.5 ∗ (RNIR − Rred)/(RNIR + 6 ∗ Rred − 7.5 ∗ Rblue + 1) [51]
Gökkaya 590 R590 [52]

Gökkaya 1023 R1023 [52]
Gökkaya 1507 R1507 [52]
Gökkaya 2173 R2173 [52]

G&M 2 R750/R700 [53]
HNDVI (R827 − R668)/R827 + R668) [54]

Lic 1 (R800 − R680)/(R800 + R680) [55]
Lignin 1730 R1730 [32]
Lignin 2300 R2300 [32]

mARI [(1/R550) − (1/R700)] ∗ R800 [47]
MCARI [(R700 − R670) − 0.2 ∗ (R700 − R550)] ∗ (R700/R670) [56]
MNDVI (R750 − R705)/(R750 + R705) [17]
NDNI (L1510 − L1680)/(L1510 + L1680) [42]
NDVI (RNIR − Rred)/(RNIR + Rred) [57]

Nitrogen 2100 R2100 [32]
PRI (R531 − R570)/(R531 + R570) [58]

PSND (R800 − R650)/(R800 + R650); (R800 − R675)/(R800 + R675) [59]
PSRI (R680 − R500)/R750 [60]
PSSR (R800/R650); (R800/R675) [59]
REIP λ of FDRmax(650–750) [12]
RGRI Rred/Rgreen [61]
SIPI (R800 − R445)/(R800 − R680) [62]
SR RNIR/Rred [63]
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Table 1. Cont.

Index or λ Equation (nm) Reference

VIgreen (Rgreen − Rred)/(Rgreen + Rred) [64]
Vog 1 R740/R720 [14]
Vog 2 (R734 − R747)/(R715 + R726) [14]

Wang 619 R619 [30]
Wang 695 R695 [30]
Wang 1135 R1135 [30]
Wang 603 FDL603 [30]
Wang 639 FDL639 [30]
Wang 702 FDL702 [30]
Wang 704 FDL704 [30]

2.5. Statistical Analysis

Multiple regression analysis was performed using JMP Statistical Discovery Software
Version 10.0 (JMP Statistical Discovery LLC, Cary, NC, USA). Multiple linear regression
models to predict natural abundance foliar δ15N from spectroscopy data were built using
a best subsets approach. In this approach all possible models are compared with a user-
defined number of independent variables. A maximum of three variables was chosen,
however, the number of independent variables in the final models for each data set varies
from one to three based on sample size and strength of the model output. The coefficient of
determination (R2) and adjusted R2 were used to initially assess the overall adequacy of the
models. To avoid multicollinearity the variable inflation factor (VIF) was limited to 6 [65].
Studentized residuals from each model were tested for normality using the Shaprio-Wilk
test [66]. Model validation was performed using a leave-one-out cross validation technique
reported as the Press RMSE. The Press statistic can be used to assess how well a model will
perform when predicting new data, with smaller Press values being more desirable [65]. If
the model with the highest R2 and adjusted R2 did not meet all of the above requirements,
the next best model was chosen and the process was repeated until a satisfactory model was
selected. The relationship between foliar %N and δ15N was also explored by performing
a simple linear regression model with %N as the independent variable and δ15N as the
dependent variable. These analyses were performed separately on the Douglas-fir and
loblolly pine data sets as well as a combined data set of both species.

In addition, an exploratory analysis of the relationships between reflectance, δ15N
and site index was performed using multiple linear regression. A best subsets approach
was performed on each data set to ascertain which, if any, of the previously identified
wavelengths useful in predicting δ15N may also predict site index. Furthermore, a simple
linear regression was performed to explore the relationship between δ15N and site index.

3. Results

3.1. Foliar δ15N and %N

The distributions of δ15N and %N for Douglas-fir and loblolly pine are described in
Table 2. All samples across both species had negative δ15N and fell within the range of
natural abundance levels for foliage observed in other studies conducted in temperate
forest ecosystems [8,67,68]. The loblolly pine data set had a larger range of δ15N (6.3‰
compared to 2.3‰) and foliar %N (0.6% compared to 0.3%) than Douglas-fir (Table 2).

Results demonstrate that there is no significant relationship between foliar %N and
δ15N for Douglas-fir, and only 25% of the variance in δ15 N is explained by %N for loblolly
pine (Table 3, Figure 2). Some explanatory power is evident when the datasets are combined,
but still less than half of the variance in δ15N is explained by %N. This may suggest an
underlying environmental gradient that is partially driving response of both %N and δ15N
across the large geographic extent of the study.
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Table 2. Summary statistics of δ15N (‰) and %N in Douglas-fir and loblolly pine foliage collected
during the growing season of 2012.

Douglas-Fir Loblolly Pine
δ15N %N δ15N %N

Minimum −3.2 1.2 −7.5 0.8
Maximum −0.9 1.5 −1.2 1.4

Mean −2.1 1.4 −4.2 1.1
Range 2.3 0.3 6.3 0.6

Table 3. Linear regression models using foliar nitrogen concentration (%N) to predict natural
abundance foliar δ15N (‰) in Douglas-fir, loblolly pine, and a combined data set of both species. An
asterisk (*) indicates model significance at the α = 0.05 level.

Dataset p-Value Coefficient R2 Adj. R2 RMSE
(‰)

Press
RMSE (‰)

Douglas-fir (n = 10) 0.30 2.29 0.13 0.02 0.68 0.74
Loblolly pine (n = 18) 0.04 * 4.18 0.25 0.20 1.34 1.50

Combined (n = 28) <0.01 * 5.37 0.47 0.45 1.21 1.25

3.2. Reflectance and Foliar δ15N

The strong predictive ability of leaf-level spectral reflectance data to quantify natural
abundance foliar δ15N is demonstrated in the multiple linear regression models for each
of the data sets (Table 4, Figure 3). Wavelengths selected for inclusion in the final models
were located in the visible and near-infrared regions of the spectrum. One (R2 = 0.65,
RMSE = 0.43) and two (R2 = 0.81, RMSE = 0.35) variable models were selected for Douglas-
fir, two (R2 = 0.54, RMSE = 1.11) and three (R2 = 0.68, RMSE = 0.96) variable models were
selected for loblolly pine, and a two variable model was selected for the combined data set
of both species (R2 = 0.63 RMSE = 1.03). There is a clear species gradient in the δ15N data
(Figure 3C), which also corresponds to a latitudinal difference across the species locations,
but there were no significant correlations to latitude or longitude within either species
(not shown).

Selected wavelengths and vegetation indices varied across each data set. Variables
selected for the Douglas-fir models included a wavelength located in the green visible
region of the spectrum, specifically the second derivative of reflectance at 543 nm, and the
Anthocyanin Reflectance Index (ARI) [46]. The two-variable loblolly pine model included
wavelengths located in the green and red-edge regions of the spectrum, specifically the first
derivative of reflectance at 587 nm and the log of 1/reflectance at 748 nm. The Pigment
Specific Simple Ratio (PSSR) [59] and reflectance at 619 nm, a wavelength previously
identified by Wang et al. [30] as being useful in predicting foliar δ15N, were selected for
inclusion in the three-variable loblolly pine model. The combined data set model included
the log of 1/reflectance at 1167 nm and the second derivative of reflectance at 570 nm
located in the near-infrared and green visible regions of the spectrum, respectively.

3.3. Reflectance, Site Index and δ15N

Site index ranged from 37 to 55 m (base age 50) and 16 to 36 m (base age 25) in
Douglas-fir and loblolly pine, respectively. In the Douglas-fir data set, a strong positive
linear relationship was found between the second derivative of reflectance at 543 nm, the
same variable used in the one and two variable models for predicting δ15N, and site index
(R2 = 0.84). The use of site index to predict δ15N also yielded interesting results with a
correlation of R2 = 0.49.

In the loblolly pine data set, the first derivative of reflectance at 677 nm explained
25% of the variation in site index. This specific wavelength was not chosen for any of the
models, but it falls within the visible light region of the spectrum from which many of the
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selected wavelengths in the models were chosen. The relationship between site index and
δ15 N was statistically insignificant in this data set (p = 0.43).
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Table 4. Multiple linear regression models selected by a best subsets approach using leaf-level
spectroscopy data to predict foliar δ15N (‰) in Douglas-fir, loblolly pine, and a combined data set of
both species. R = reflectance, FDR = 1st derivative of R, SDR = 2nd derivative of R, L = log of 1/R,
FDL = 1st derivative of the log of 1/R.

Dataset λ (nm) or Index Coefficient R2 Adj. R2 RMSE
(‰)

Press
RMSE (‰)

Shapiro–Wilk
W p-Value

Douglas-fir
(n = 10)

SDR 543 85,219.43 0.65 0.61 0.43 0.57 0.96 0.77
SDR 543, ARI 109,936.02, −1.10 0.81 0.75 0.35 0.53 0.91 0.29

Loblolly pine
(n = 18)

FDR 587, L748 10,909.27, −28.37 0.54 0.54 1.11 1.19 0.94 0.26
FDR 587, PSSR, Wang 619 18,171.06, 1.71, 166.64 0.68 0.61 0.96 1.07 0.97 0.78

Combined
(n = 28) FDL 1167, SDR 570 9118.40, 54,698.60 0.63 0.61 1.03 1.07 0.95 0.21

4. Discussion

4.1. Prediction of Foliar δ15N from Spectral Reflectance

The simplest mechanism facilitating the prediction of δ15N from hyperspectral re-
flectance data would be the relationship between δ15N and %N and the demonstrated
ability of hyperspectral data to predict %N. Our results show a decoupling of the rela-
tionship between %N and δ15N, most notably in the Douglas-fir data set from which the
strongest models were developed (Table 3, Figure 2). There is a moderate correlation
between %N and δ15N in the combined data set which may result from the increased range
of both variables when the data are pooled (Tables 2 and 4, Figure 3), however, none of
the vegetation indices specific to foliar %N nor any of the wavelengths associated with
known N absorption features were selected for use in the regression models. Instead,
many of the selected wavelengths and vegetation indices were located in the visible region
of the electromagnetic spectrum (400–700 nm), similar to the results of Wang et al. [30],
and have been correlated to various vegetation physiological properties and biochemicals.
Wavelengths at 543, 570 and 587 nm are located within the green peak of the vegetation
reflectance curve which has been correlated with photosynthetic efficiency and seasonal
changes in N and chlorophyll content [62]. The wavelength at 619 nm, previously identified
by Wang et al. [30] and Wang et al. [31] as being highly correlated to foliar δ15N, is associ-
ated with red visible light absorption by chlorophyll. The wavelength at 748 nm is located
near the shoulder of the red-edge. The red-edge is a feature of the vegetation spectral
signature, specific to hyperspectral data, which is caused by the shift from visible light ab-
sorption by pigments to the scattering of near infrared light by plant cellular structure [12].
It is a feature that is highly correlated to total chlorophyll content and has been used to
estimate various measures of productivity, such as leaf area index (LAI) and biomass,
and vegetation nutritional status such as N concentration and content [12,43,69,70]. The
wavelength selected in the near-infrared at 1167 nm may be associated with the vibration of
a carbon-hydrogen bond related to lignin located at 1120 nm or the vibration of an oxygen-
hydrogen bond associated with water, cellulose, starch and lignin located at 1200 nm [19].
The ARI uses wavelengths in the visible light, specifically in the green and red regions
of the spectrum, and was developed to assess foliar anthocyanin content [46]. The PSSR
index was developed for the prediction of the accessory pigment chlorophyll b, utilizing
wavelengths located in the red and near-infrared regions [59].

Although our experiment was not designed to investigate the relationships between
δ15N, chlorophyll and/or other indicators of greenness, our results suggests that these
mechanisms, as opposed to %N, are driving the relationships between reflectance and
δ15N across our experiment. Additional research investigating the relationships to δ15N,
chlorophyll and pigments across large environmental gradients is required.
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4.2. δ15. N, Reflectance and Site Index

The use of remote sensing to directly assess aboveground forest productivity has been
demonstrated at the canopy scale by developing relationships between reflectance, canopy
%N and various measures of productivity such as aboveground net primary production and
aboveground wood production [71]. Work by Knyazikhin et al. [27] and Sullivan et al. [29]
has demonstrated the strong influence of canopy structure (i.e., LAI and the number of
leaves per canopy volume) on reflectance. Their findings suggest that it is canopy structure
driving the relationship between reflectance and %N at the canopy-level as opposed to the
leaf-level relationships between reflectance and %N. The significant correlations observed
between leaf-level reflectance and site index in Douglas-fir and loblolly pine indicate that
various physiological properties known to be correlated to reflectance in the green and red
visible regions of the spectrum, as previously mentioned, may also be related to measures
of site productivity. Additionally, the significant correlation between δ15N and site index
observed in Douglas-fir demonstrates a relationship between site nutrient status, leaf-level
processes, canopy scale physiology, and overall productivity. This observed relationship
may facilitate future efforts for scaling from the leaf to the canopy level as it is increasingly
important to identify the driving mechanisms controlling reflectance at both leaf and
canopy scales.

As site index is a measure of productivity, sites with higher site index values would
be expected to be less resource deficient and specifically, less N deficient. Garten and
Van Miegroet [72] observed a strong positive correlation between foliar δ15 N and net
N mineralization rates and several regional-scale studies have shown strong positive
relationships between N mineralization and productivity [73–75]. As N is lost from the
system, foliar δ15N has been shown to become more positive over time [6,7]. Therefore,
a positive relationship between δ15N and site index would be expected, as observed in
Douglas-fir. The lack of a significant relationship between δ15 N and site index in loblolly
pine may be due to how this species utilizes N in foliage. Loblolly pine produce 2 to
4 flushes each growing season, and nutrient concentration and weight have been shown
to decrease with each subsequent flush [76]. Therefore, a measure of δ15N scaled to the
canopy, as opposed to leaf-level observations, may be more appropriate when assessing
the relationship between δ15N and measures of site productivity in loblolly pine.

4.3. Moving toward Assessment across Spatial and Temporal Scales

Our study sites span a very large geographic range, covering much of the range of
Douglas fir and loblolly pine in the contiguous United States. Examining the data across the
scale of the species range versus the entire range does show some spatial patterns. When
examining the entire dataset, there is a clear gradient in foliar δ15N that corresponds to both
species and latitude (Figures 3C and 1). A within-species assessment found no relationship
to either latitude or longitude for either species (not shown), suggesting that the patterns
are driven by species. A full assessment of the spatial and temporal drivers of foliar δ15N
patterns across the landscape is beyond the scope of this paper, and would require either
multiple repeat visits to the site or the use of remote sensing. The active management
practices in these plantations, particularly fertilization, add additional management drivers
of foliar δ15N patterns that have not been well reported to date. Our study represents a first
step in this process for these managed systems—developing relationships between foliar
δ15N and reflectance that can be used as a basis for upscaling in future research.

5. Summary and Conclusions

There is a need to assess ecosystem N dynamics across large spatial and temporal scales
to address questions related to N limitation and potential N loss following N addition. This
has become well recognized—plant foliar stable isotopes for N and carbon are included in
routine measurements done by the U.S. National Ecological Observatory Network (NEON,
neonscience.org) and other groups. Developing the relationships between foliar spectral
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reflectance, δ15N, and ecosystem N dynamics would provide a method for the prediction
of ecosystem N status using remote sensing.

Our results are drawn from field locations within 13 states, representing much of
the geographic range of Douglas fir and loblolly pine and allowing for an assessment of
within-species variation. Loblolly pine plantations show a significantly greater range of
δ15N and %N than Douglas fir plantations (δ15N = 6.3‰, %N = 0.6 for loblolly pine versus
δ15N = 2.3‰, %N = 0.3% Douglas fir). We found no significant relationship between δ15N
and %N for Douglas fir (R2 = 0.13), and a very weak relationship between them for loblolly
pine (R2 = 0.25). This in an important finding because it means that well-vetted remote
sensing indices for canopy nitrogen content should not be used to estimate isotopic nitrogen
when examining within-species response in these plantations, unlike what has been shown
previously in other ecosystems [31,34,35]. However, we identified specific wavelengths and
indices that could robustly predict δ15N within each species and across both species using
best subsets multiple linear regression (R2 =0.81,0.68, and 0.63 for Douglas-fir, loblolly pine,
and both species). Green, red, and near infrared wavelength ranges were most valuable for
these models.

Future research efforts should focus on scaling from leaf to canopy level for man-
aged forests (as has been done in other forest ecosystems), investigating the underlying
relationships between foliar δ15N and reflectance and exploring the relationship between
natural abundance δ15N and measures of ecosystem N retention or loss of added N. A
better understanding of the relationship between reflectance and foliar δ15N may improve
predictive capabilities and facilitate the use of reflectance to map foliar δ15N at larger spatial
scales and in ecosystems that are more heterogeneous in species composition and land
use history.
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